Abstract: A computational parametric finite element analysis was carried out, investigating closely spaced cellular beams with double concentric transverse stiffeners. An unstiffened perforated beam section was initially designed and validated against existing finite element analysis results found in the literature. Then, twenty seven models were studied, while altering the spacing between the web openings, the web thicknesses and the stiffener thicknesses. The results showed that Vierendeel shearing failure occurred more frequently for very closely spaced sections. However, as the spacing increased, the contribution of the stiffener to strength of the section was decreased, and buckling failure occurred more often. A maximum distance for the spacing between the openings was suggested. At last, a design model was proposed, where for very closely spaced openings the compressive stresses were given by the Vierendeel moment capacity, and for the maximum distance of the spacing between the openings studied, the compressive stresses were given by a strut analogy, as found in BS5950 1. _______________________________________________________________________________________________________________
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Model Validation
The validation of the FE model presented by Tsavdaridis Guidance on the length of buckling is not given for fully restrained beams.
Slenderness is suggested to be for fully restrained beams Web Crushing
More conservative due to theoretically derived design formulae
Less conservative due to empirically derived design formulae The depth of the section and the opening diameter, , were fixed, having values of mm and mm ,,respectively. The beam depth to opening ratio, , was also fixed. The web thickness was taken to be mm and was set at , for widely spaced web openings. The element type used in the existing analysis was SHELL181 with 4-noded plastic shell elements, and 6 degrees of freedom at each node. The material used was S355 grade steel with a Young s
Modulus of
GPa and Poisson Ratio, , of 0.3. The material was assumed to behave elastically with a Young s Modulus of GPa until the material reached a stress value of MPa. At the post-yielding zone, the tangent modulus was GPa. Additionally the material was modelled using the Von Mises stress criterion, with a kinematic hardening plasticity model. The mesh type chosen was a free quadrilateral meshing for the web, and a mapped quadrilateral meshing for the flanges. An example of the type of mesh developed is shown in Figure 1 . The mesh was examined for its appropriateness. It can be seen that the finer elements are developed near the edges, while course ones are shown towards the inside of the model where the stress is expected to be low. With this configuration the resulting stresses will be accurate and uniformly distributed across the beam model. It is important to define the boundary conditions of the short local model correctly, similarly to the literature [5] . Accordingly, the model is also assumed to have a pinned connection between the web and the flange. The boundary conditions are shown in 
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The procedure to obtain a nonlinear solution for the section above consisted of three stages. Firstly, a static solution with small displacements was obtained. Secondly, an Eigen buckling analysis was made, using that static solution. The third and final stage of obtaining the nonlinear solution initially consisted of updating the geometry of the model to the new deformed shape based on the first Eigen mode shape to take into account initial imperfections that would trigger the model to fail in a realistic manner. Then, what followed was the carrying out of a nonlinear (material and geometry) static analysis with large displacements for the updated section. The maximum load was recorded and compared to the model from the previous finite element analysis found in the literature and validated against an experimental physical test.
The initial imperfections were chosen to have a maximum amplitude of mm mm. The Newton Raphson method was enabled to avoid bifurcation points. In order to find a value for the failure load, different values of shearing force were applied. The maximum load resulted to be kN.
In Figure 3 , a comparison of the Von Mises stresses between the model from the literature and the current working model was established and good agreement is shown. The formation of plastic hinges due to Vierendeel moments at a distance from the centreline of the opening is also verified in the validated model. The value of the maximum load with fully converged models for both specimens is very close;
kN for the original model and kN for the validated one.
In addition to the above, a mesh convergence study was made to show that the solution obtained was accurate. Different meshes with average element sizes of mm, mm, mm and mm were created and the Von Mises stresses were recorded at maximum loads at a point near the centre of the web-post. For the mm element size, the Von Mises stress was obtained as MPa , for mm as MPa , for mm as MPa and for mm as MPa . Therefore, the size choice can be treated as reliable.
Finite Element Method Analysis
A comprehensive parametric FE study was carried out to determine the buckling strength of cellular beams with double concentric transverse stiffeners on both sides of the web. The parameters altered were the ratio, the web thickness, , and the stiffener thickness, . The results obtained were compared with existing results from previous studies of cellular beams without stiffeners [5] . 
Model Characteristics
The material properties used for the beam model and the stiffeners was chosen to be bilinear isotropic. Steel grade S355 was used ( MPa Mpa). The tangent modulus was assumed to be MPa, similar to the parametric study presented in the literature [5] . This realistic approximation was employed as a tangent modulus of MPa similar to the validation study produced non-convergence issues in the computational models.
The UB cross-section was used again. The stiffeners were designed with a typical chamfer size of mm at the top and bottom, between the flange and web connection. The boundary conditions were kept the same as for the validation model, modelling the connections between the flange and the web as pinned. Fully mapped mesh was developed to capture and control all the details of the models. Moreover, the maximum element size was chosen to be not greater than 15mm. This was done to increase the quality of the results and to enable accurate selection of specific points when comparing the results afterwards. The meshed sections are shown in Figure 4 .
The ratio
was examined for values of and . The distances between the centres of the circular perforations were mm mm and mm, respectively. Various web thicknesses were examined such as mm mm and mm. Typical stiffener thicknesses of mm mm and mm were examined. A total of analyses were performed. Except from the planned 27 tests, an additional analysis for a model with mm mm was carried out, to demonstrate the lack of effectiveness of a transverse stiffener for higher ratios. The remaining three analyses, regarded models without stiffeners with a web thickness of mm, and ratios of 1.1, 1.2, 1.3, in order to demonstrate the delay of plastic deformation due to the addition of stiffeners.
Similarly to the validation study, initial imperfections were added to the models in order to obtain the out-of-plane buckling displacements. The initial imperfections had a maximum amplitude of ; thus mm mm and mm for each web thickness, respectively. , and ratios respectively.
Test results -Discussion
Strength against Parameters
The vertical and out of plane deflections were monitored throughout the FE analyses and two modes of failure were clearly observed. The first and most common type was the material failure, where the ultimate strength was reached. The second mode observed was the buckling failure, in which the beam very rapidly achieved large deformations in the out of plane direction of the web-post, the analyses also stopped before the ultimate strength was reached. Figure 5 to Figure 7 display the maximum non-convergent load carrying capacities for all, including the tests with no stiffeners, as published in the literature [5] .
From these figures it was observed that the beams with stiffened openings demonstrate an increase in strength as was anticipated. It is also clearly demonstrated that the maximum strength is also dependent on other geometric properties as the effect of the stiffeners was not uniform across the tests with other variables. Considering the web thickness, it was observed that the stockier webs benefitted more from the stiffeners than the slender webs did. For instance, the maximum strength increase for a web thickness of mm was kN, whereas for a web thickness of mm, it was kN.
Considering the thickness of the stiffener, it appeared that in most cases there was a gain in strength when the thickness of the stiffener was increased. However, in some cases, the increase in thickness of the stiffener did not imply an increase in strength (eg. for the web thickness of mm and for ). Potentially, the specimen had already reached the maximum strength with the use of stiffeners. For the case of , the slenderness of the web played an important role, as well as the spacing of the web openings, as it can be seen from Figure 5 to Regarding the web opening spacing, , it was evidenced that there was a reduction in the increase of the maximum load carrying capacities as was increased, and this was applied for all models studied. It is worth noting that in the case where , the contribution to strength from the stiffener was not significant and hence, in terms of design, it would be appropriate to find another way of stiffening the web opening against shear.
Contour plots display the Von Mises stresses for all possible ratios with the same web and stiffener thicknesses, as it is shown in Figure 8 . It is demonstrated, that when was equal to either or , high compression and tension stresses developed in the web-post and were then transferred to the stiffener. On the other hand, when was taken equal to , the section would reach maximum load before the strength of the stiffener was fully utilised.
In order to determine a limit below which a transverse stiffener would be effective, further research was conducted. A model with was designed and tested for mm and mm. The model was initially compared at maximum capacity load with the results found in the literature [5] . The unstiffened version of this model, with mm, resisted about kN. When the same model was tested with a stiffener of mm thickness, the maximum capacity was only increased to kN. This is clearly a lower contribution compared to those achieved for the same web thicknesses and smaller ratios.
At it was further noticed, that the web buckled prior to the development of high stresses in the stiffener. It is anticipated that for even higher values of , the contribution of the transverse stiffener will be further reduced. The recommended upper limit of when strengthening cellular beams with double concentric transverse intermediate stiffeners, is equal to 1.3. The type of failure mode was also examined. The failure mode was either through buckling or Vierendeel shearing, dependent on the geometric parameters selected. The failure modes of the FE analyses are presented in Table 3 . It is observed that almost all buckling modes occurred at , with only one buckling failure mode taking place in the case of .
The stiffeners were provided to prevent buckling in the out-of-plane direction of the web. Since models with failed primarily due to buckling, it can be inferred that transverse stiffeners are ineffective for such a beam. The stiffener contribution to the strength of the beams with was significantly less than the contribution to beams with and , as it was highlighted earlier. Table 3 : Section failure modes, depending on the parameter examined. 20 out of 27 models had a Vierendeel shearing failure mode, and only 7 had a buckling failure mode.
Incremental Shearing
Initially, it was observed that the stresses produced were primarily formed entirely in the web. Then, post-yielding stresses were located at the position of the plastic hinges in the vicinity of the web openings. Following that, stresses started to be distributed in the stiffeners, starting from the same level of the plastic hinges and then spreading in the vertical plane both upwards and downwards. It is worth mentioning that the use of the stiffeners caused an observable delay in the buckling or yielding for most of the specimens. During this delay, the high stresses in the web were increased gradually, while the stresses in the stiffeners increased rapidly. Upon reaching the maximum stress capacity of the stiffeners, plastic hinges formed, and the specimens failed either by reaching the maximum load carrying capacity or by excessive web buckling. From Figures 9, 10 and 11 it was observed that the aforementioned delay in yielding was more noticeable for higher stiffener thicknesses and for lower ratios. In Table 4 , the load levels in which these stages were observed are summarised. In Figures 12 and 13 , snapshots for two of the specimens for all mentioned stages are shown. Figure 12 shows a case where the mode of failure is Vierendeel shearing, while Figure 13 demonstrates a failure mode of buckling. 
Out of plane and Vertical Deflections against Loading
The vertical and out of plane deflections were measured at the points where plastic hinges in the openings were formed. These points are depicted in Figure 14 .
During the Eigen buckling analysis, three different buckling deformation patterns resulted and they are affected the magnitude of the out of plane deformations observed by the specimens. The first buckling pattern can be seen in Figure 15 . Such a pattern only takes place when the thickness of the stiffener is higher than the thickness of the web. When a very rigid stiffener was used, the deformation was concentrated on the upper right side of the specimen as it is shown in the figure and labelled herein as pattern A. For each test made, the maximum deflection of all four dials was measured. The results of this procedure are shown on Table 6 .
It could be observed from Table 6 that the maximum out-of-plane deflections for are generally of a lower magnitude than the maximum deflections for , and those of of a lower magnitude than those for . This was anticipated, as buckling deformations are more likely to take place for larger ratios. The reduced effectiveness of the stiffeners when the ratio is increased could also be a contributing factor for the increasing out of plane deformations. Table 6 : Maximum out of plane deflections (mm).
Comparing the out-plane-deflections results of the models with parameters mm mm to the out of plane deflections of the specimen B1 found in the literature review [5] , it can be concluded that the deflections of the tests presented in the current study are higher (3.73mm compared to about 0.5 1mm). However, it is worth noting that the displacements of the previous study were measured at the centre of the web-post, and not at the position of the plastic hinges. Nevertheless, the deformations were of the same magnitude.
When comparing Tables 5 and 6 it is highlighted that pattern C demonstrates the smallest out of plane deformations; somewhat larger deformations were observed for pattern B, and finally considerably higher deformations were observed for pattern A. Additionally, the mode of failure for was primarily due to buckling. It becomes apparent that the effectiveness of the transverse stiffeners reduces when increases.
Representative graphs of out of plane deformations against incremental loading for each pattern type A, B, and C are presented on Figure 18 to 20. When considering the above it is observed that an efficient way to increase the effectiveness of a transverse stiffener for larger ratios may be to place the stiffeners with some eccentricity. If the stiffener thickness is higher than the thickness of the web, then the stiffener should be placed closer to the high moment side of the web. Conversely, if the stiffener thickness is lower than the thickness of the web, then the stiffener should be placed closer to the low moment side of the web. An illustration of this idea is depicted in Figure 21 . Following this design concept for larger ratios, if a stiffener is thicker than the web it is more effective when it is placed like Type A. If the opposite is true, a Type B configuration would be a more effective design. It is worth stressing that this suggestion has not been proven further, but highlights prospective areas for future research and testing this statement s validity. Regarding the vertical deflections for each loading case, the maximum displacement for all four dials was chosen. For each ratio, the maximum vertical deflections are shown in It is observed that there is no significant difference between the maximum vertical deflections for any ratio studied. However, there was an increase in the maximum vertical deflection as the stiffener thickness increased for all the cases with . For and the opposite behaviour was noticed; when the thickness of the stiffener increased, the maximum vertical deflection was decreased. An exception was noticed for mm mm where there was an increase of the maximum deflection. This meant that although the transverse stiffeners are designed to prevent buckling, they could reduce the vertical deflections too for certain cases.
It was also noticed that as the web thickness increased, the maximum vertical deflection increased as well. That was expected to happen, as a stocky web can withstand larger deformations before failure.
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The results of mm mm were compared with the results obtained from the laboratory experiment (specimen B1) of the previous work [5] , which used the same ratio and web thickness. As with the comparison of the out-of-plane deflections, the results corroborate; approximately 20 30mm deflection for both tests. The points measured for each test were at different positions, but not significantly enough to skew the data. Figure 22 to 23 demonstrate the vertical deformations.
Plastic Hinge Formation and Effective Widths
It was interesting to examine how the transverse stiffeners would affect the formation of the plastic hinges for the specimens taken by the literature [5] . The plastic hinges, unlike the previous work, formed closer to the mid-depth of the web-post due to the use of stiffeners. Thus, while the effective width was for an unstiffened section, for a stiffened section it becomes closer to . The formation of the plastic hinges were not clearly visible in the Von Mises stress contour plots, such as in the case when and mm. For this case, it was assumed that the plastic hinges formed in the same position as with all other specimens with . The calculated angles, , and the effective widths for each ratio are synopsized in 
Design Model
The design model for this work was based on previous studies [2, 5] . Since the design models of those studies considered unstiffened webs, various modifications took place in order to obtain reasonable results.
In previous works, a strut analogy with buckling curves of type C based on BS 5950 1:2000 [18] was used. In this analogy, it was considered that half of the Vierendeel shear force was concentrated in the upper tee of the beam, and compressive stresses were produced by shear actions acting diagonally on the web-post, from the upper right tee to the lower left tee. The strut acting like a column with both ends fixed. Eurocode 3 also has a similar strut analogy, that could have led to a very similar design model as the one designed for this work. However, in this work, the strut analogy of BS 5950 1:2000 was selected to provide consistency with previous works [2, 5] .
In the present study, the stiffeners are considered to reduce the effective length of the strut by half for the cases where . It is therefore as if the diagonal strut started from the upper right tee and ended on the stiffener. This implied that the length of the diagonal strut would not be but . The compressive stresses created by the Vierendeel mechanism are considered to be forming from the upper right tee, to the middle of the stiffener. The effective width of the strut, , is taken as half the web-post width. The formula is now updated to:
Where was the compressive stress in MPa, was the Vierendeel shear force, the web-post width, and the thickness of the web. To calculate the Vierendeel shear force, it is first necessary to calculate the effective length of the strut, using a reduction factor of , due to the assumed fixed fixed conditions:
The effective length is altered in the way demonstrated above for the cases when . For the case, the stiffeners are not fully utilised when failure occurred. To simulate this behaviour it is assumed that the stiffeners are acting as a pinned end for the strut.
Therefore, for:
Following that, the slenderness of the web-post can be calculated, using the formula:
The slenderness values are used to find the buckling curves of type C which are necessary to give the compressive strength, of the web-post [18] . Then, the Vierendeel shear force is calculated by:
Hence, the compressive strength is estimated as:
The compressive stresses evaluated here are presented in Table 9 The compressive stresses are calculated similarly to the procedure above, with the difference that the Vierendeel shear capacity is considered to be the failure load. These stresses are then compared with those found from the FE analysis results and Table 10 . Comparing Tables 9 and 10, it is concluded that the compressive stresses from the FE analyses are considerably higher than those from BS5950 1 where . For the compressive stresses are close. Consequently, the values found from the FE analyses are considered to be very conservative and therefore not selected for the design model.
For the ratios the failure mode for the vast majority of the beams is the Vierendeel mechanism. Hence, the failure mode was governed by the Vierendeel bending capacity, and not the web-post buckling capacity. For those ratios, the approach used on previous studies has been adopted by practitioners and is recommended [2, 5] .
The Vierendeel shear capacity on the upper right tee was given by converting the circular openings to equivalent rectangular areas, with height, , and critical opening, , where . This approximated estimation for a due to the fact that the angle was very close in magnitude for all S/d ratios. The formula was as follows:
M
For cases where the thickness is mm, the web was considered to be semi compact, according to BS5950 1, and the elastic moment capacity was calculated instead in the equation above. The plastic moment capacity was calculated, as in the previous work [5] :
Where: To calculate the elastic moment capacity:
Where is the second moment of area of the tee section and is the centroid.
The results are presented in These values accurately predict the failure mode of the stiffened models with spacing of openings at and . However, for the spacing of the openings of , the failure mode is mostly governed by buckling actions due to a lack of utilisation of the stiffeners and a small ratio. Therefore, the lower bound would be that of BS5950 1:2000. An empirical design equation has been developed, similar to the equation derived in the literature [5] from the results of Figure 5 to Figure 7 . This equation is as follows:
The coefficients for the design formula were found and are presented in Table 12 .
Conclusions and Recommendations
A FE theoretical investigation was carried out using ANSYS concerning double concentric transversely stiffened cellular beams with closely spaced perforations. There were a total of 31 computations models. The parameters studied were the ratio, the web thickness and the stiffener thickness.
Summarizing the results, it was found that the transverse stiffeners were very effective for , while for they were almost ineffective; hence was set as the upper limit. More research into the values between and could identify the point for designers at which the choice of stiffener remains an economic option. The models, as expected, appeared to have increased strength with increasing web thickness and stiffener thickness. Vierendeel shearing was the failure mode for the vast majority of models with ( out of ), while at the results were mixed with buckling appearing to be the dominating failure mode ( out of ).
Transverse stiffeners alter the position of plastic hinges. Whilst the unstiffened section formed plastic hinges near the flanges ( ), the stiffened sections formed plastic hinges closer to the mid height of the web-post ( ).
Stresses in the stiffeners started to develop at the height of the plastic hinges, expanding upwards and downwards. At failure, the top and bottom parts of the stiffeners remained unstressed, while the stresses that developed in the central area were of a comparatively lower magnitude for the majority of the results. Finite element method analyses show that by restricting placement of the stiffeners to only span the parts of the section that actually become stressed, the manufacture of transverse stiffeners would become easier (without the need for chamfering) and more economic.
By studying the failure patterns of the buckling imperfections predicted by ANSYS, three distinct patterns emerged: patterns A, B and C. The final failure deformations of the models appeared to be affected by these patterns and therefore applying horizontal eccentricity for sections with could provide further avenues for experimental research.
Alternatively, a reasonable option could be to use a different type of stiffening for openings with . Ring stiffeners (hoops) around the edge of the openings could provide a suitable alternative as the strength of this type of stiffening does not seem to diminish with an increasing . Theoretical investigations with rings have not been conducted. Research for this type of stiffener could provide information on how to effectively design for shear within the context of stiffened perforated beams with widely spaced perforations, despite the associated cost.
The variety of web opening shapes and sizes could also be considered in future research. The effects of transverse stiffeners or rings on elliptical and rectangular web openings found on previous research should be further studied.
Concerning the design model, for the Vierendeel moment check was chosen, and for the BS5950 1 strut analogy check was selected.
At last, it is important to note that research on stiffeners with perforated beams, as well as on unstiffened perforated beams, is yet to be fully explored while the knowledge of their behaviour is limited. Detailed research should lead to update the existing available recommendations and replace them with design guidelines providing more construction options for engineers, leading to more economic, visually appealing, and efficient complex structures.
